An electron in a solid, that is, bound to or nearly localized on the specific atomic site, has three attributes: charge, spin, and orbital. The orbital represents the shape of the electron cloud in solid. In transition-metal oxides with anisotropic-shaped d-orbital electrons, the Coulomb interaction between the electrons (strong electron correlation effect) is of importance for understanding their metal-insulator transitions and properties such as high-temperature superconductivity and colossal magnetoresistance. The orbital degree of freedom occasionally plays an important role in these phenomena, and its correlation and/or order-disorder transition causes a variety of phenomena through strong coupling with charge, spin, and lattice dynamics. An overview is given here on this "orbital physics," which will be a key concept for the science and technology of correlated electrons.
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The quantum mechanical wave function of an electron takes various shapes when bound to an atomic nucleus by Coulomb force. Consider a transition-metal atom in a crystal with perovskite structure. It is surrounded by six oxygen ions, O 2Ϫ , which give rise to the crystal field potential and hinder the free rotation of the electrons and quenches the orbital angular momentum by introducing the crystal field splitting of the d orbitals. (Fig. 1) .
When electrons are put into these wave functions, the ground state is determined by the semiempirical Hund's rule. As an example, consider LaMnO 3 , where Mn 3ϩ has a d 4 configuration, i.e., four electrons in d orbitals. Because of Hund's rule, all of the spins are aligned parallel, that is, S ϭ 2, and three spins are put to t 2g orbitals and one spin occupies one of the e g orbitals. The relativistic correction gives rise to the so-called spin-orbit interaction H spin-orbit ϭ L ជ ⅐ S ជ , where L ជ is the orbital angular momentum and S ជ is the spin angular momentum. This interaction plays an important role in some cases, especially for t 2g electrons. However, the coupling between spin and orbital degrees of freedom described below is not due to this relativistic spin-orbit coupling.
Up to now, we have considered only one transition-metal ion. However, in solids, there are periodic arrays of ions. There are two important aspects caused by this: one is the magnetic interactions, i.e., exchange interactions, between the spins and the other is the possible band formation and metallic conduction of the electrons. Before explaining these two, let us introduce the Mott insulating state. Band theory predicts an insulating state when all bands are fully occupied or empty, whereas a metallic state occurs under different conditions. However, it is possible that the system is insulating because of the Coulomb interaction when the electron number is an integer per atom, even if the band theory without the period doubling predicts a metallic state. This occurs when the kinetic energy gain is smaller and blocked by the strong Coulomb repulsion energy U, and the electron cannot hop to the other atom. This insulator is called a Mott insulator. The most important difference from the usual band insulator is that the internal degrees of freedom, spin and orbital, still survive in the Mott insulator. LaMnO 3 is a Mott insulator with spin S ϭ 2 and the orbital degrees of freedom. The spin S ϭ 2 can be represented by the t 2g spin 3/2 strongly coupled to the e g spin 1/2 with ferromagnetic J H (Hund's coupling). The two possible choices of the orbitals are represented by the pseudospin T ជ , whose z component T z ϭ 1/ 2 when d x 2 Ϫy 2 is occupied and T z ϭ Ϫ1/ 2 when d 3z 2 
Ϫr
2 is occupied. Three components of this pseudospin satisfy the similar commutation relation with those of the spin operator, i.e., [
There is an interaction between the spin and pseudospin, of S ជ and T ជ , between different ions. This exchange interaction is represented by the following generalized Heisenberg Hamiltonian (1):
The exchange interactions J ij and K ij originate from the quantum mechanical process with intermediate virtual states (2, 3) . The rotational symmetry in the spin space leads to the inner product form of the interaction.
When more than two orbitals are involved, a variety of situations can be realized, and this quantum mechanical process depends on the orbitals (4, 5) . In this way, the spin S ជ and the orbital pseudospin T ជ are coupled. In more general cases, the transfer integral t ij depends on the direction of the bond ij and also on the pair of the two orbitals a, b ϭ (
. This gives rise to the anisotropy of the Hamiltonian in the pseudospin space as well as in the real space. For example, the transfer integral between the two neighboring Mn atoms in the crystal lattice is determined by the overlaps of the d orbitals with the p orbital of the O atom between them. The overlap between the d x 2 Ϫy 2 and p z orbitals is zero because of the different symmetry with respect to the holding in the xy plane. Therefore, the electron in the d x 2 Ϫy 2 orbital cannot hop along the z axis. This fact will be important later in our discussion.
One can consider the long-range ordered state of the orbital pseudospin T ជ as well as the spin S ជ . In many respects, analogies can be drawn between S ជ and T ជ in spite of the anisotropy in T ជ space. However, there is one more aspect that is special to T ជ -Jahn-Teller (JT) coupling (6 -8) . Because each orbital has different anisotropy of the wave function, it is coupled to the displacement of the O atoms surrounding the transition-metal ion. For example, when the two apical O atoms move toward the ion, the energy of d 3z 2 Ϫr 2 becomes higher than d x 2 Ϫy 2 and the degeneracy is lifted. This is called the JT effect (6) and is represented by the following Hamiltonian for a single octahedron: 4ϩ or holes with concentration x are doped, and still, the orbital degrees of freedom are active. The most important and fundamental interaction in the doped case is the doubleexchange interaction (9, 10) . e g electrons are forced to be parallel to the localized t 2g spins by the strong J H . When an e g electron hops from atom i to j, at each atom the spin wave function ͉͘ of the e g electron is projected to ͉ i ͘ and ͉ j ͘ corresponding to the spin direction of each t 2g spin. Therefore, the effective transfer integral is given by t ij ϭ t ͗ i ͉ j ͘, which depends on the relative direction of the two spins; ͉t ij ͉ ϭ t͉͗ i ͉ j ͉͘ ϭ t cos( ij /2) ( ij , the angle between the two spins) is maximum for parallel spins and is zero for antiparallel spins. Therefore, the kinetic energy gain of the doped holes is maximized for parallel spins, which gives the ferromagnetic interaction between the spins. This is called double-exchange interaction.
Manganese Oxides as a Prototype
An active role of orbital degree of freedom in the lattice and electronic response can be most typically seen in manganese oxide compounds with perovskite structure. In this class of compounds, colossal magnetoresistance (CMR), i.e., a very large decrease of resistance, is observed upon the application of an external magnetic field and has attracted a lot of interest (11) . The CMR phenomenon itself is, as argued in the following, most relevant to the orbital ordering and correlation.
The orbital ordering gives rise to the anisotropy of the electron-transfer interaction. This favors or disfavors the double-exchange interaction and the superexchange (ferromagnetic or antiferromagnetic) interaction in an orbital direction-dependent manner and hence gives a complex spin-orbital coupled state. One typical example is the case of LaMnO 3 with no double-exchange carriers, in which the in-plane (ab plane) alternate ordering of (3x 2 Ϫ r 2 )/(3y 2 Ϫ r 2 ) orbitals causes the in-plane ferromagnetic spin coupling. This A-type antiferromagnetic (AF) state is the manifestation of the anisotropic superexchange interactions, that is, ferromagnetic within the plane and AF between the plane, due to the orbital ordering.
The importance of the orbital and lattice degrees of freedom has long been recognized theoretically (12) . The spin and orbital order has been studied for the realistic model Hamiltonian Eq. 1 in the mean field approximation. As for the e g electrons in 3D perovskite structure, the A-type AF state is obtained with alternating ( z 2 Ϫ x 2 )/( y 2 Ϫ z 2 ) orbitals within the plane. In addition to this superexchange interaction, the Jahn-Teller interaction (JTI) also contributes to determining the orbital ordering. When JTI prefers the planar orbitals, such as ( z 2 Ϫ x 2 ) and ( y 2 Ϫ z 2 ), it does not contradict with the above orbital ordering; however, JTI could also prefer the rod-type orbitals, such as (3z 2 Ϫ r 2 ). In the former case and/or when JTI is weak, the A-type AF state with alternating ( z 2 Ϫ x 2 )/ ( y 2 Ϫ z 2 ) orbitals should be realized as observed in KCuF 3 (1) . The A-type AF state with alternating (3x 2 Ϫ r 2 )/(3y 2 Ϫ r 2 ) in LaMnO 3 , on the other hand, is attributed to the JT distortion (13) (14) (15) .
In the hole-doped manganese oxides, in which the double-exchange interaction emerges with the strength being dependent on the doping level, various orbital-ordered and disordered states show up, accompanying the respective spin-ordering features (Fig. 2 , top). Let us here take the case of Nd 1Ϫx Sr x MnO 3 under ambient pressure (16 -19) . With appreciable doping on the parent compound NdMnO 3 , the orbital order melts into a quantum-disordered state, and the compound shows the ferromagnetic-metallic (F) state for 0.3 Ͻ x Ͻ 0.5. When doped further, the kinetic energy of carriers decreases, and the compound shows the 2D metallic state with layered-type antiferromagnetic (A) state for 0.5 Ͻ x Ͻ 0.7. Doping above x ϭ 0.7 further alters the magnetic structure to the chain type (C). This rich phase diagram can be reproduced and understood theoretically in terms of the mean field approximation applied to the generalized Hubbard model (20) . The A state is realized as the compromise between the AF superexchange interaction between the t 2g spins and the double-exchange interaction through the ferromagnetic (homogeneous) order of ( x 2 Ϫ y 2 ) orbital (20) . In cubic perovskite, the electron transfer is almost prohibited along the c axis because of the ( x 2 Ϫ y 2 ) orbital order, which is also the origin for the interplane AF coupling. In fact, the charge dynamics in this A-type AF state is almost 2D (18) .
The C-type AF state for x Ͼ 0.7 is accompanied by the (3z 2 Ϫ r 2 ) orbital. This state is perhaps affected also by the charge ordering and shows an insulating feature ( Fig. 2A) . The large orbital polarization T ជ is indispensable for this rich phase diagram. The shape of the wave function is well defined, and the anistropy appears only in this case, i.e., the dimensional control by the orbital occurs. Otherwise, it would become a boring phase diagram in which the ferromagnetic state dominates.
Instead of changing the carriers' kinetic energy with doping level, one can use the lattice strain as a biasing field on the orbital state through the JT channel; namely, the uniaxial strain with respect to the MnO 6 octahedron can serve as a pseudo magnetic field on the pseudospin T ជ . Figure 2B shows a schematic spin-orbital phase diagram in the moderately doped (0.3 Ͻ x Ͻ 0.7) manganese oxides on the plane of the uniaxial strain measured as the ratio of lattice parameter c/a (or almost equivalently the ratio of the apical to equatorial Mn-O bond length) and the doping x. The phase diagram was based on the local density functional calculation as well as the experimental results for the epitaxial single-crystalline films of La 1Ϫx Sr x MnO 3 with coherent lattice strain due to the lattice mismatching with the substrate (21) . The entanglement of the doping and the strain causes the slanted phase boundaries for the F (orbital-disordered), A (Fig. 2A) .
The orbital ordering in the manganese oxides occasionally accompanies the concomitant charge ordering. The most prototypical case, namely the CE type shown in Fig.  3A , is realized at a doping level ( x) of 0.5. In the pseudo cubic perovskite, the ab planes are coupled antiferromagnetically while keeping the same in-plane charge and orbital pattern (22, 23) .
Theoretically, a band calculation with the local density approximation (LDA) combined with the on-site Coulomb interaction U has successfully reproduced the observed spin/ charge/orbital-ordered state for Pr 1/2 Ca 1/2 MnO 3 (24) . It is an important issue to identify the major driving force of the spin/ charge/orbital ordering. The experimental observation in Pr 1/2 Ca 1/2 MnO 3 that the transition temperature of charge ordering is higher than that of antiferromagnetism suggests that the former is the driving force.
Once the zigzag chain structure is assumed for the orbital ordering, the electronic structure becomes 1D, and the sign alternation of the transfer integrals due to the antisymmetric combination of x 2 and y 2 in ( x 2 Ϫ y 2 ) plays some important roles (25, 26) . In the single-layered perovskite La 1Ϫx Sr 1ϩx MnO 4 ( x ϭ 0.5), having the so-called K 2 NiF 4 structure like La 2 CuO 4 , the same charge-orbital pattern (Fig. 3A) was confirmed by the resonant x-ray scattering method (27) . In this compound, the charge and orbital ordering occurs concomitantly at the charge-ordering temperature T CO ϭ 220 K, and then the CE-type spin-ordering transition occurs at the AF temperature T N ϭ 150 K. At temperatures above T CO , the average structure of the crystal is tetragonal, and hence, the optical property is isotropic in the lateral plane. Upon the orbital ordering, the crystal is deformed to orthorhombic, though hardly detected by conventional diffraction measurements. However, the anisotropic ordering of the orbital causes a fairly large in-plane anisotropy in the optical electronic transitions (28) ; hence, in the image with cross-polarized light, we can visualize the orbital-ordered domain (Fig. 3B) . The orbital-disordered state above T CO is optically isotropic in the plane, giving the extinction of cross-polarized reflection light, whereas we observe the globally bright image for the orbital-ordered state below T CO , where the orthorhombic domain structure and domain walls (dark stripes) are clearly visible. (A periodic structure of the domains perhaps arises from the slight residual strain introduced during the process of the crystal growth.)
The CE-type orbital/charge-ordered state in the manganese oxides is generally amenable to an application of a magnetic field. The variation of the orbital/charge-ordered state is shown (Fig. 4) in the plane of magnetic field (H) and temperature (T ) for the x ϭ 0.5 perovskite manganites R 0.5 3ϩ A 0.5 2ϩ MnO 3 , with various combinations of (R, A) (R and A are trivalent rare-earth and divalent alkalineearth ions, respectively). The change in the average size of the (R, A) site controls a deviation of the Mn-O-Mn bond angle from 180°and hence controls the e g electron-hopping interaction t through a change in Mn 3d and O 2p hybridization. With a decrease of the ionic radius, say from (Nd, Sr) to (Sm, Ca), the H-T region for the stable orbital/ charge-ordered state is enlarged (Fig. 4) . There are two types of orbital/charge/spin phase diagrams (29) . In a relative wide-bandwidth system like Nd 0.5 Sr 0.5 MnO 3 , the ferromagnetic ordering first occurs at the critical temperature T c in the cooling process, and then at a lower temperature, the orbital, charge, and spin (AF) ordering occurs concomitantly at T CO ϭ T N (type I). The type I crystal undergoes the CE-type orbital/charge/ spin-ordering transition only at the doping level very close to x ϭ 1/ 2. In the smaller bandwidth system, say Pr 0.5 Ca 0.5 MnO 3 , first the orbital and charge-ordered state appears concomitantly at T CO Х 250 K, and then the AF spin ordering takes place at a lower temperature T N (type II). The ferromagnetic and metallic state is only realized under a magnetic field in this type. The crossover from type I to type II shows a complicated feature (30) , but near such a multicritical point for the orders of orbital/charge and spin, a very large fluctuation and a critical field suppression seem to appear as typically seen in the CMR behavior.
The aforementioned orbital-charge correlation is a source of the high-resistance state above the ferromagnetic transition temperature T C , which causes the CMR upon the application of a magnetic field. Even with no long-range orbital/charge ordering, the remnant of the short-range order can be clearly seen, for example, in diffuse x-ray scattering with the broad incommensurate peak (31, 32) and Raman phonon spectral anomaly (33) . Figure 5 displays temperature variation of the CMR-related behavior for the Sm 1Ϫx Sr xMnO 3 ( x ϭ 0.45) crystal on the verge of the aforementioned multicritical point between types I and II (34, 35) . When the ferromagnetic double-exchange interaction competes with the charge/orbital ordering and extinguishes the long-range ordering, as in the present case, the superlattice x-ray peak, say (2, 1/2, 0) in the orthorhombic setting, arising from the CE-type orbital ordering (Fig. 3A) , turns into incommensurate and diffuse scattering as exemplified in Fig. 5A . The diffuse scattering intensity measured at (2, 1.7, 0) increases with lowering temperature down to T C and then suddenly drops below T C (Fig.  5B) . The temperature dependence compares well with that of resistivity change through T C (Fig. 5C ). All of the results, including the Raman phonon spectral anomaly, the AF spin correlation, and the in-plane expansion and c-axis compression of the lattice parameters above T C (35) , indicate that the orbital shows the dynamical and short-range (but directionally long-range) ordering above T C that collapses immediately below T C or in a magnetic field.
The orbital fluctuation in the doped manganese oxides may also be a cause for the highly incoherent charge dynamics, even in the ferromagnetic metallic state with full spin polarization (no spin fluctuation). According to the recent studies (36 -39) , the ferromagnetic ground state shows the very small spectral weight of the quasi-particle peak at the Fermi level in the photoemission spectrum as well as the minimal Drude weight in the optical conductivity spectrum. The Drude weight is, in fact, an order of magnitude smaller than expected from the results of the electronic specific heat coefficient (39, 40) , indicating the least mass renormalization effect, and of the small Hall coefficient (39) , indicating the metallic density of charge carriers.
Given the almost perfectly aligned spins, the only remaining degrees of freedom are the charge and orbital. Considering that the orbital polarization is large in the orbitalordered state, it is reasonable that it remains so even in the ferromagnetic metallic state without the ordering. Therefore, it seems to be a promising scenario that these anomalous features come from the highly nonlocal scattering of the charge carrier due to the orbital correlation or short-range ordering such as (x 2 Ϫ y 2 ) ordering (41) (42) (43) . This situation is the orbital analog of the heavy fermions where the local spin polarization is induced, but its quantum fluctuation eventually leads to the singlet state caused by the Fermi degeneracy. Actually, the quantum mechanics of T ជ shows low-dimensional dispersion similar to that discussed after Eq. 4, which enhances the quantum fluctuation and enables the quantum-disordered orbital state to remain stable down to zero temperature, i.e., orbital liquid state.
However, a variety of scenarios have been proposed so far for such an anomalously "bad metal" feature (44 -47) . The microscopic phase separation (45) (46) (47) is one of the most important candidates. In any case, further studies, both experimental and theoretical, are needed for this issue.
Other Materials and Theories
In the last section, we focused on manganese oxides, but the orbital physics are universal in transition-metal oxides. We review here some of the interesting features of orbital physics, both experimental and theoretical.
For the classic material V 2 O 3 , which has corundum structure, two electrons occupy t 2g orbitals. In the conventional view, the orbital ordering in the E g state of the original t 2g manifold has been assigned to the origin of the specific spin order in the AF ground state (48, 49) . An effective Hamiltonian for spin and orbital has been derived on the basis of this picture, and the magnetic properties were discussed. The important feature is that the magnetic exchange interaction depends on the orbital occupancy as represented in Eq. 1, i.e., even the sign could change. Therefore, it is possible that the magnetic correlation in the normal state can be very different from that in the ordered phase when the orbital order is accompanied by the magnetic transition, as observed experimentally (50) . This strong interplay between the spin and orbital is thought to be the origin of a strong first-order phase transition. However, a recent article opposes this conventional picture and proposes the spin triplet (S ϭ 1) formation at each V site (51) .
A more transparent example is the case of perovskite type RTiO 3 and RVO 3 with 3d 1 and 3d 2 electron configuration, respectively, both retaining the orbital degree of freedom in the t 2g state. For example, a Mott insulator, YTiO 3 , shows the ferromagnetic, not AF, ground state with ferromagnetic temperature T C of ϳ30 K, a clear indication of some orbital order. According to the LDA calculation on LaVO 3 with the C-type or (, , 0) spin order and on YVO 3 with the G-type or (, , ) spin order, the orbital order is conjectured to take the G type and C type, respectively, converse to the spin order (52) . A temperature-induced magnetization-reversal phenomenon observed in YVO 3 has been attributed to the combined effect of the single-spin anisotropy, Dzyaloshinsky-Moriya interaction, and the orbital transition (53) . The actual orbital order pattern in these t 2g electron systems is not straightforwardly visible from the crystal structure alone because www.sciencemag.org SCIENCE VOL 288 21 APRIL 2000 of the relatively weak JT distortion of the t 2g electron. This is in contrast to the case of an e g electron with strong JT distortion, but it provides a more challenging problem. In this context, the resonant x-ray scattering method recently developed by Murakami and coworkers (27) is a very powerful tool for probing these orbital-ordering patterns.
An example of dynamical orbital correlation is seen in the spin-state transition in LaCoO 3 with 3d 6 configuration of Co. Around 100 K, the nonmagnetic and insulating state in LaCoO 3 undergoes a gradual transition from the low-spin state t 2g 6 (S ϭ 0) to the intermediate-spin state t 2g 5 e g 1 (S ϭ 1). [The high-spin state t 2g 4 e g 2 (S ϭ 2) is predicted to be located at a higher energy level than the intermediate-spin state (54) , as the latter gains a larger d-p hybridization energy in crystal lattice.] The intermediatespin Co ion with one e g electron is a JT ion, whereas the low-spin state has no orbital degree of freedom. In fact, the correlated local lattice distortion clearly shows up in the infrared phonon spectra in accord with the spin-state crossover (55) , although the average lattice structure appears to be undistorted from that of the ground state. This is another example of thermally induced dynamical JT effect due to short-range orbital order, in addition to the case of the CMR manganese oxides. However, LaCoO 3 undergoes the insulator-to-metal transition by warming above 500 K. As predicted by the LDA calculation (54 ) , this phenomenon may be interpreted as the loss of the orbital (short-range) order.
We have discussed only these limited examples, but most of the bandwidth-and/or filling (doping)-control Mott transition in the transition-metal oxides are more or less affected by the orbital order-disorder transition. Therefore, the orbital correlation and the spin correlation are expected to most often play an important role in charge dynamics in the metallic state near the Mott transition, which is termed "anomalous metal."
Theoretically, it is a fascinating problem to look for exotic states realized only with the orbital degrees of freedom. Especially intense interests have been focused on the quantum liquid states of the spin and/or orbital. To approach this problem, many authors study the model Hamiltonian (Eq. 1) with the rotational symmetry, i.e., SU(2) symmetry, also in the orbital space, where T ជ enters into the Hamiltonian in the form of
where ͗ij͘ is the nearest neighbor pair. The point x ϭ y ϭ 1/4 is a special one where the symmetry is enhanced from [SU(2)] spin ϫ [SU(2)] orbital to SU(4) (56). The former corresponds to the respective rotation in the spin and orbital space, and the latter also includes the rotations between the spin and orbital space. At this SU(4)-symmetric point, the quantum fluctuations of both the spin and orbital are enhanced and the "SU(4) singlet" is more stable in comparison with the usual "spin SU(2) singlet." Therefore, the orbital degrees of freedom help the realization of the resonating valence bond spin liquid, which has been looked for with great interest but has not yet been found in quantum magnets without orbital degeneracy (e.g., La 2 CuO 4 ). The basic unit of the SU(4) singlet is the plaquette, which might be realized in LiNiO 2 (56 ) . The 1D model of Eq. 3 has recently been extensively studied (57) (58) (59) (60) (61) (62) . It shows five phases, including (i) the dimerized state of both
with the gap for the excitation spectra and (ii) the gapless state governed by the SU(4) symmetry (62) .
In real materials, there should be no rotational symmetry in the orbital pseudospin space, and this anisotropy is expected to stabilize the ordered state because the quantum fluctuation is suppressed by the Ising-type anisotropy. However, it is also possible that this anisotropy gives rise to another type of quantum fluctuations, as will be discussed below. With doubly degenerate e g orbitals, the dominant part of the effective Hamiltonian for 3D perovskite structure is (63) Another possibility is that the directional ordering of the orbital resolves the magnetic frustration by specifying the strong and weak bonds. In a triangular lattice (e.g., LiVO 2 ), it has been proposed that a pattern of orbital occupancy will lead to the isolated triangles whose spin ground state is the singlet (when each spin is S ϭ 1) (64).
Conclusion
We have described some experimental and theoretical aspects of orbital physics in transitionmetal oxides. The orbital degree of freedom is thought to play important roles, not only in the prominent case of the CMR manganese oxides but also in anisotropic electronic and magnetic properties of many transition-metal oxides. Taking the analogy to conventional materials phases, we may consider various states of orbitalnot only solid (crystal) and liquid but even liquid crystal and glass. In fact, the short-range orbital order as seen in the CMR state (Fig. 5 ) may be viewed as the nematic-like liquid-crystal state of the orbital. Likewise, the orbital glass state may be realized in some frustrated or disordered lattice of transition-metal oxides, although the state has seldom been argued or unraveled experimentally. In this context, another attempt is the control of the orbital state in terms of external fields, not only with magnetic and stress fields as discussed above, but also through an electric field and light or x-rays. The electric field may directly affect the directional order of orbital, when the compound is insulating enough, and may alter the magnetic state. This is the orbital version of the liquid-crystal functionality. Additional visible effects by irradiation of light or x-rays have already been observed for the charge/ orbital-ordered manganese oxide (Pr 1Ϫx Ca x MnO 3 ) as the light-induced melting of the charge/orbital order and resultant metallization (65, 66 ) . Such an exotic and possibly ultrafast control of electronic and magnetic phases may find some applications in the future. Theoretically, the spin-charge-orbital coupled systems in transition-metal oxides offer the most fascinating and challenging arena to test many theoretical ideas, including quantum liquid, solid, and liquidcrystal states. 
